The genetic control of gene expression during shoot development in Arabidopsis thaliana was analyzed by combining quantitative trait loci (QTL) and microarray analysis. Using oligonucleotide array data from 30 recombinant inbred lines derived from a cross of Columbia and Landsberg erecta ecotypes, the Arabidopsis genome was scanned for marker-by-gene linkages or so-called expression QTL (eQTL). Singlefeature polymorphisms (SFPs) associated with sequence disparities between ecotypes were purged from the data. SFPs may alter the hybridization efficiency between cDNAs from one ecotype with probes of another ecotype. In genome scans, five eQTL hot spots were found with significant marker-by-gene linkages. Two of the hot spots coincided with classical QTL conditioning shoot regeneration, suggesting that some of the heritable gene expression changes observed in this study are related to differences in shoot regeneration efficiency between ecotypes. Some of the most significant eQTL, particularly those at the shoot regeneration QTL sites, tended to show cis-chromosomal linkages in that the target genes were located at or near markers to which their expression was linked. However, many linkages of lesser significance showed expected ''trans-effects,'' whereby a marker affects the expression of a target gene located elsewhere on the genome. Some of these eQTL were significantly linked to numerous genes throughout the genome, suggesting the occurrence of large groups of coregulated genes controlled by single markers.
S
HOOTS develop from shoot apical meristems formed during zygotic embryogenesis in plants (Takada and Tasaka 2002; Baurle and Laux 2003) . Shoots can also be produced adventitiously or regenerated in tissue culture by organogenesis or through somatic embryogenesis. Shoot regeneration in tissue culture is a means by which plants can be propagated and transgenic plants generated (Preil 2003) . In addition, shoot regeneration in tissue culture makes possible the study of shoot development under controlled conditions. Shoot regeneration in tissue culture is a trait that often varies between plant species and within a plant species among subspecies, varieties, cultivars, or ecotypes. Variation in shoot regeneration can be troublesome especially when elite lines are difficult to regenerate. Shoot regeneration efficiency is a quantitative trait, and quantitative loci (QTL) associated with variation in shoot regeneration efficiency have been identified in Arabidopsis (Schiantarelli et al. 2001 ) and other plants (Komatsuda et al. 1993; Taguchi-Shiobara et al. 1997; Holme et al. 2004) . Shoot regeneration QTL in Arabidopsis were identified in recombinant inbred lines (RIL) that differ in shoot regeneration efficiency (Lall et al. 2004) . Three significant QTL associated with shoot regeneration efficiency were found: a major QTL on chromosome 5 in which the superior allele was derived from the parent of the Columbia ecotype and two minor loci on chromosomes 1 and 4 in which the Landsberg erecta ecotype parent contributed the superior alleles (Lall et al. 2004) . Because superior alleles are distributed between the two parents, the recombinant inbred (RI) population exhibits transgressive segregation of the shoot regeneration trait in that some lines are more or less robust shoot regenerators than either parent (Lall et al. 2004) .
Gene expression profiling during shoot regeneration in Arabidopsis has revealed a complex gene expression program with hundreds of significant expression changes . The most significant components of variation contributing to the overall pattern of gene expression changes during shoot development are waves of genes that turn on at one developmental stage and off at the next . One stage with significant gene expression changes occurs about the time of shoot commitment when shoot formation in root explants becomes independent of added plant hormones (Cary et al. 2002) and when an abundance of genes encoding transcription factors and signaling components are upregulated .
An effort has been undertaken by others to explore the genetic control of gene expression programs in a variety of organisms, such as yeast, maize, mouse, rat, and humans, by combining microarray and QTL analyses (Brem et al. 2002; Schadt et al. 2003; Bystrykh et al. 2005; Chesler et al. 2005; Hubner et al. 2005) . In doing so, gene expression levels are considered as metric traits and genetic linkages between genes with heritable expression levels and so-called expression QTL (eQTL) have been sought ( Jansen and Nap 2001; Doerge 2002; Jansen 2003) . Both cis-and trans-acting eQTL have been described for regulatory loci that either do or do not colocalize with the regulated genes (Brem et al. 2002; Schadt et al. 2003; Bystrykh et al. 2005; Chesler et al. 2005; Hubner et al. 2005) . True cisacting eQTL are thought to represent genes with polymorphisms that affect their own expression (Schadt et al. 2003) . In addition, genome scans conducted in populations segregating for heritable gene expression variation in these organisms have revealed eQTL hot spots. Such hot spots are thought to represent key regulatory loci controlling multiple transcripts-hundreds of transcripts, as in the case of mouse brain gene expression (Chesler et al. 2005) . In several cases analyzed so far, some eQTL with multiple linkages tended to locate at classical QTL associated with traits segregating in the population under study (Schadt et al. 2003; Hubner et al. 2005) .
In this study, we scanned the Arabidopsis genome for eQTL that control gene expression at the time of shoot commitment. We attempted to distinguish cis-from trans-chromosomal effects and to determine whether the eQTL were coincident with classical QTL associated with shoot regeneration.
MATERIALS AND METHODS
Plant materials and tissue culture procedures: Thirty recombinant inbred lines generated from a cross of the Arabidopsis thaliana (L.) ecotypes Landsberg erecta 3 Columbia (Ler 3 Col), were used in this study (Lister and Dean 1993) . The RI lines were chosen as having the greatest number of recombination breakpoints across the genome. Seeds were obtained from the Arabidopsis Biological Resource Center. Shoots were regenerated in tissue culture through a two-step regeneration procedure according to Valvekens et al. (1988) as described in Lall et al. (2004) .
RNA extraction and DNA chip analysis: Plant material for RNA extraction was collected 6 days after transferring root segments to shoot induction medium (Lall et al. 2004) . Root explants from several hundred seedlings in each line (1 g total) were pooled for RNA extraction. RNA extraction and hybridization to Affymetrix ATH1 (Affymetrix, Santa Clara, CA) oligonucleotide arrays were carried out as described in Che et al. (2002) except the GeneChip Scanner 3000 was used for scanning the chips and the image data generated from the scans was converted to numerical data using the GeneChip operating system v 1.0 (Affymetrix) .
Single-feature-polymorphism-affected probe pair removal and gene expression: The gene chip scans provided probe intensity readings for all probe pairs in the 22,810 probe sets on the Affymetrix ATH1 array (Affymetrix 2002) . Of the 22,775 noncontrol probe sets, almost all (99.78%) are composed of 11 probe pairs. The few remaining noncontrol probe sets are composed of 8, 9, or 10 probe pairs. We removed any probe pair from the data set identified as a SFP according to Borevitz et al. (2003) where the reference ecotype (Col) hybridized with significantly greater intensity than the Ler ecotype [false-discovery rate (FDR) , 8%]. Using data and scripts from Borevitz (http:/ /www.naturalvariation.org/methods), R software (http:/ /www.r-project.org), and the affy package available through Bioconductor (http:/ /www.bioconductor. org), we investigated the presence of single-feature polymorphisms (SFPs) with a higher intensity in the Ler ecotype. These SFPs were not removed because we found them to be much less prevalent and of lesser effect than their counterparts, making them more difficult to detect at a high level of confidence. Removal of probe pairs was accomplished by defining an alternative chip description file (.cdf) environment using the altcdfenvs package (http:/ /www.bioconductor.org) and scripts available in the supplemental materials at http:/ /www.genetics. org/supplemental/. After SFP-affected probe pair removal, we were left with 22,787 probe sets (35 of which were control probe sets) because 23 probe sets had all probe pairs removed. Using the remaining probe pairs in each probe set, we computed the MAS 5.0 signal intensities for all 22,787 probe sets via the affy bioconductor package. The MAS 5.0 values were logged and mean centered for each of the 30 oligonucleotide arrays as a normalization procedure so that expression measures would be comparable across slides. Raw .cel files are available at the Plant Expression Database website (http:/ / www.barleybase.org/plexdb/html/index.php).
Data analysis comparing expression and shoot regeneration phenotype: The shoot regeneration phenotype was determined from the number of shoots per root explant using data and methods described by Lall et al. (2004) . Briefly, mixed linear model analysis of shoot counts on the squareroot scale recommended by Anscombe (1948) was used to obtain measures of shoot regeneration efficiency for each line.
At each gene (probe set), we tested the null hypothesis of no correlation between expression and phenotype using Spearman's rank correlation coefficient, a nonparametric test. For sample size .10, the null distribution of the test statistic can be approximated by a t distribution with n ÿ 2 d.f. (degrees of freedom). The resulting P-value was used to determine the significance of the relationship. For various thresholds, we estimated a FDR using the method described by Storey and Tibshirani (2003) . For example, the threshold P-value of 8.83 3 10 ÿ5 was associated with a significance set containing 20 genes and a FDR of 7.8%. Data analysis identifying eQTL: A filtered set of 288 markers positioned approximately every 2 cM was chosen to represent the genome. The majority of these markers were nonredundant in that at least 1 of the 30 lines had a recombination event between consecutive markers at 240 of the possible 287 consecutive-marker pairings. Markers with a Col allele were coded as 1 and markers with a Ler allele were coded as 0. Missing genotypes were replaced with the estimated probability of a Col allele based on flanking markers. For every marker-by-gene combination, a least-squares linear regression was fitted using the coded genotype as the independent variable and expression as the dependent variable. The P-value associated with testing the hypothesis of slope equal to zero was used to determine the significance of the relationship. Using a linear regression with the coded genotypes instead of a two-sample t-test with the original genotype groupings to evaluate the strength of the relationship allowed us to include genotype information from all 30 lines in every test. The linear regression is equivalent to the two-sample t-test when no genotypes are missing.
Under the required assumptions for a t-test, we could apply a Bonferroni adjustment to control the genomewide error rate for each trait (gene expression) at the 0.05 level by choosing a threshold P-value of 1.7361 3 10 ÿ4 , but this adjustment does not account for multiple testing over 22,787 probe sets. To estimate an error rate for the full experiment, we instead used a permutation approach to investigate the FDR associated with various significance thresholds for marker-by-gene linkages. We created 1000 permuted data sets by permuting the RIL labels on the 30 microarrays. For each of five P-value thresholds coinciding with Bonferroni genomewide error rates between 0.0035 and 0.05 (i.e., five P-value thresholds between 1.2153 3 10 ÿ5 and 1.7361 3 10 ÿ4 ), we counted the number of significant marker-by-gene linkages in the set of 6.56 3 10 6 tests for each permuted data set. A FDR for each threshold was estimated by applying the method of Storey and Tibshirani (2001) using the region from 0.99 to 1.00 to estimate the proportion of true null hypotheses p 0 (estimated p 0 ¼ 60,748/ 65,063.01 0.934). The FDRs for these thresholds ranged from 2.3 to 10.2%. The density map of significant linkages was shown for the two extreme thresholds, and thresholds between these values showed density maps with similar patterns.
RESULTS
Single-feature polymorphisms: We used RI lines derived from a cross between the two standard ecotypes, Col 3 Ler (Lister and Dean 1993) , as a mapping population to identify eQTL. A problem with RI lines derived from two different ecotypes is the presence of SFPs, small sequence differences between the ecotypes (Borevitz et al. 2003) . SFPs have the potential to confound oligonucleotide chip analysis because differences in hybridization efficiency caused by SFPs can be interpreted as differences in gene expression levels.
To circumvent this problem, we utilized information from Borevitz et al. (2003) (http:/ /www.naturalvariation. org/sfp) to identify and eliminate from our data analysis SFP-affected probe pairs (a probe pair being a set of two probes with one a perfect match to the gene sequence and the other a mismatch) where the reference ecotype (Col) hybridized with greater intensity than the Ler ecotype. Removing these probe pairs dispenses with the problem of hybridization artifacts due to ecotype-specific sequence differences within probe pairs. We did not, however, address other, less frequent issues such as possible hybridization differences due to ecotypic differences in gene copy numbers. Of 22,775 noncontrol probe sets on the Affymetrix ATH1 chip, 16,047 had no significant SFPs, and at the other extreme, 23 had significant SFPs in all probe pairs of the probe set ( Table 1 ). The elimination of SFP-affected probe pair data from our data set is not without some impact on the reliability of our data. However, Gautier et al. (2004) suggested that the number of probe pairs needed for reliable gene expression is probably ,11, the number used by Affymetrix for most noncontrol probes, but the minimal number is not known. To check the sensitivity of our results to the inclusion of less reliable probe sets, we repeated our analysis after removing all probe sets with fewer than five probe pairs. All aspects of the results showed very little change. For example, the 34 genes found to be linked to the major shoot regeneration QTL remained the same, and only one gene containing more than five SFPs was removed from the list of 100 genes showing the most evidence of association between expression and phenotype.
Gene expression pattern signatures: Thirty of the most informative Arabidopsis RI lines (with the most recombinant breakpoints) from Lister and Dean (1993) were analyzed in this study. RNA was extracted from root explants that had been preincubated on callus induction medium for 4 days, transferred to shoot induction medium, and incubated for 6 more days. There are no obvious morphological differences between the two ecotypes at this stage, which precedes shoot emergence. However, about this time, root explants become ''committed'' to shoot development; that is, they continue to form shoots even when transferred to basal medium without hormones (Cary et al. 2002) . This stage is characterized by abundant expression changes in genes encoding transcription factors and signaling pathway components . Labeled cRNAs were generated from the 30 RNA samples and hybridized to Affymetrix Arabidopsis gene chips with 22,810 genes (probe sets).
Genes were identified with expression patterns that significantly correlate with the shoot regeneration efficiency phenotype. Expression levels for individual genes were plotted against a shoot regeneration phenotype computed from the number of shoots per root explant for each RI line. The genes with the strongest correlation between gene expression and shoot regeneration phenotype at a FDR) of 7.8% were identified (Table 2 ). At5g48330, a putative regulator of chromosome condensation (cell cycle regulatory protein), showed the most significant correlation between gene expression and shoot regeneration phenotype (t-value ¼ 6.6912) (Figure 1 ). Other genes with high correlation between gene expression and shoot regeneration phenotype include those encoding a VAMP membrane protein, RNA recognition motif protein, SWIB complex BAF60b domain-containing protein, two proteases (Clp and subtilisin-like), protodermal factor (located in the L1 embryonic layer), and so forth. Genome scan: To identify loci controlling heritable gene expression patterns, such as those described above, the Arabidopsis genome was scanned for marker-bygene expression linkages. Expression signals (corrected for SFP-affected probe pairs) in the 30 RIL data set were treated as quantitative traits and subjected to linkage analysis using a filtered set of 288 markers that were uniformly positioned about every 2 cM. In doing so, a test statistic evaluating each marker-by-gene association was computed. The resulting 6.56 3 10 6 P-values were subjected to a significance threshold and the proportion of significant linkages was plotted across the Arabidopsis genome (Figure 2) . Using a permutation approach, a FDR was estimated for various significance thresholds coinciding with genomewide error rates for a single trait (gene expression) between 0.0035 and 0.05. These thresholds equate to comparison-wise P-values of 1.2153 3 10 ÿ5 and 1.7361 3 10 ÿ4 . The more stringent threshold is associated with 3525 significant linkages distributed over 958 genes and a FDR of 2.3%. The lessstringent threshold is associated with 10,521 significant linkages distributed over 2637 genes and a FDR of 10.2%. Due to correlation in markers, many of these linkages can be considered redundant in that they represent single marker-by-gene linkages. Limiting each gene to link to only one marker (chosen as the marker with the highest test statistic) would remove these redundancies, but the peak of a marker regulating a large number of genes (Figure 2 ) may appear falsely low due to a ''spreading-out'' of its regulated genes to nearby markers.
[For purposes of illustrating where target genes were located on the genome relative to their linked markers, we did remove these redundancies later (see Figure 6 ) to produce a clearer plot while maintaining the existing relationship.]
At all threshold levels, the genome scan of markers with significant linkages revealed peaks with higher densities of significant linkages (Figure 2) . These peaks are similar to linkage hot spots found in the yeast or mouse genomes (Brem et al. 2002; Schadt et al. 2003; Chesler et al. 2005) . It was of interest that two of the hot spots corresponded to two of three shoot regeneration QTL identified in a prior study (Lall et al. 2004) . The major shoot regeneration QTL is located on the lower arm of chromosome 5, centered on marker 270, and one of two minor QTL is located on chromosome 4 and centered on marker 190 (Figure 2) . At the threshold associated with a FDR of 2.3%, marker 270 links to 34 genes: 23 genes were upregulated in association with the Col allele at the marker site, and 11 were downregulated (Table 3) . A sampling of the single marker-by-gene associations at this site (selected for genes upregulated in association with the Col allele) clearly shows that the genes are expressed at a much higher level when Col alleles, rather than the Ler alleles, are present at the marker site (Figure 3 , A-C). Similar plots for genes downregulated in association with the Col allele show lower levels of expression when Col alleles are present ( Figure 3D ). In general, genes with a strong relationship between expression and shoot regeneration phenotype also showed a strong association with the major shoot regeneration QTL (Table 2) , although declaration of linkage significance depends on the chosen threshold. Could the linkage hot spots be artifacts due to allele frequency differences across the genome? To examine this, the proportion of Col and Ler at each of the 288 markers was estimated. Known allele genotypes were coded as the probability of a Col allele, and unknown allele genotypes were also coded as the probability of a Col allele based on flanking markers. The estimated proportion of Col alleles was based on the expected count of such alleles and was computed as the average of the coded values at each marker. This estimate reduces to a straightforward proportion when all genotypes are known. The out-of-balance group size or proportion of alleles in the larger group (Col or Ler) was plotted across the genome ( Figure 4A ). If equal numbers of Col and Ler alleles were present at each marker, then a flat line centered on 0.5 would be expected. However, allele imbalances were observed across the genome for this set of RI lines. The comparison-wise power of detecting a 1.5 standard deviation difference in the average gene expression for the Col and Ler groups at each marker was then calculated on the basis of a type I error rate of 0.05 ( Figure 4B) . By fixing the difference in the means and the type I error rate, power becomes dependent only on the sample size of the two groups and on the accuracy of genotyping. Power is greatest when all genotypes are known and there are equal numbers in each group (15 in each group for this data set). In plotting out-of-balance group size and power across the genome, it can be seen that there are regions, especially in chromosome 1, where there are out-of-balance group sizes and low power markers.
However, the question is whether the linkage hot spots derive from markers with a high power of detection. It can be seen in scans of the genome that clusters of significant linkages and marker power do not necessarily align (Figure 4 , B and C). This becomes clearer when comparing numbers of significant linkages to power of detection on a chromosome-bychromosome basis. None of the chromosomes show a strong linear association between power at marker and number of significant associations (data not shown).
Cis-and trans-chromosomal effects: We did not expect to find that the most significant marker-by-gene associations at the FDR of 2.3% involved linkages to genes located in the region of the markers. For example, all of the significant associations with marker 44 were linked to genes in the vicinity of the marker ( Figure 5 ). Of the 23 upregulated genes linked to marker 270 at the shoot regeneration QTL site, all but 1 were located in the region of the major shoot regeneration QTL itself, and of the 11 downregulated genes, all were located near the QTL site. Thus, some of eQTL in Arabidopsis Shoot Developmentthe most significant linkages were ''neighborhood effects'' in which the marker was in the vicinity of genes to which the marker was expression linked.
Cis-effects have been reported in yeast and mouse, and markers linked to genes in cis have more significant associations than those in trans (Brem et al. 2002; Schadt et al. 2003) . In these systems, cis-effects appear to have a simple genetic explanation in that they result from polymorphisms that affect the expression level of the genes in which the polymorphisms occur (Brem et al. 2002; Schadt et al. 2003) . In this study, we eliminated from consideration SFPs that may give rise by artifact to apparent expression differences. These are SFPs within the probe sets that may alter the hybridization efficiency of cDNA made from the RNA of one ecotype to the probe of another ecotype. However, genes purged of SFPs in their probe sets are still included in our data (only the probe sets composed completely of SFPs have been eliminated).
Therefore, we asked whether SFPs and cis-effects of the kind described in yeast and mice account for the observed variation in expression in the 23 upregulated and 11 downregulated genes linked to the major shoot regeneration marker 270. Of 23 upregulated genes linked to marker 270, 9 had reported single-nucleotide polymorphisms (SNPs) or SFPs (Table 3) . [A genomewide set of SNP markers distinguishing Col and Ler ecotypes is available through SeqViewer at The Arabidopsis Information Resource (TAIR) http://www.arabidopsis. org/servlets/sv.] In comparing Col or Ler, the remaining 14 upregulated genes had no reported SNPs or SFPs. Of the 11 downregulated genes, 3 had reported SNPs or SFPs, and 8 did not. Even in the target genes with SFPs or SNPs, there is a low probability that any polymorphism affects gene expression. Thus, the neighborhood effects associated with marker 270 are probably not attributed to ''cis-effects'' of the sort proposed in yeast and mice, i.e., polymorphisms in the target gene (Brem et al. 2002; Schadt et al. 2003) .
It is conceivable that the neighborhood effects that we observe might not result from polymorphisms in genes acting on their own expression, but from polymorphisms in nearby genes. Such neighborhood effects might be revealed in higher-resolution studies involving more RI lines. Nonetheless, it does appear that several genes within a neighborhood are commonly controlled in our study. For example, the four genes most strongly associated with the major shoot regeneration QTL site are located within 37 kb of each other and the correlation in expression between any two of the four genes is positive and .0.81, suggesting that these genes might be commonly controlled.
Significant marker-by-gene linkages across the genome were also illustrated by plotting the position of markers against the position of their corresponding linked genes. Specifically, each gene in the list of significant linkages was plotted against its best controlling marker for the two thresholds associated with FDRs of 2.3 and 10.2% ( Figure 6 ). As reported in previous studies (Schadt et al. 2003; Bystrykh et al. 2005) , we found that the most significant marker-by-gene linkages tended to represent cis-chromosomal effects (a marker affects the expression of a target gene in close proximity) as seen in the many solid dots falling along the diagonal in Figure 6 . As the number of significant linkages increases, more dots appear off the diagonal, suggesting that trans-chromosomal effects (a marker affects the 
Genes downregulated in association with the Col allele At5g48110
a Single-feature polymorphism is a sequence polymorphism detected as a difference in hybridization intensity of randomly labeled genomic DNA to a single feature on a high-density oligonucleotide array (Borevitz et al. 2003) .
b Single-nucleotide polymorphism is a single-base polymorphism usually detected through DNA sequencing analysis.
expression of a target gene elsewhere on the genome) are present, but not as strong as the cis-effects.
Also apparent in the plot are dense vertical bands indicating regions of the genome that regulate a large number of genes in trans during shoot development ( Figure 6 ). Two of these regions are located on chromosome 5 and coincide with previously described hot spots for the 3525 most significant linkages (Figure 2) . Genes linked in trans to these hot spots show no obvious pattern in that the targeted genes are scattered throughout the genome. The trans-chromosomal hot spot located on the lower arm of chromosome 5 is correlated with the major shoot regeneration QTL. This finding was expected because this QTL likely controls many genes throughout the genome associated with shoot regeneration. However, trans-effects were not concentrated at the chromosome 4 hot spot described above, suggesting that most of the strong linkages in this region associated with a minor shoot regeneration QTL are cis-effects.
DISCUSSION
In scanning the Arabidopsis genome for eQTL associated with heritable changes in gene expression during shoot development, it was found that significant marker-by-gene linkages tended to cluster in hot spots as they do in the yeast or mouse genomes (Brem et al. 2002; Schadt et al. 2003) . Why they tend to do so is not clear. A hot spot could be due to a single gene at the hot spot that influences the expression of many other genes or it could be a cluster of several genes at the hot spot, each of which act on a few genes. In any case, two of the eQTL hot spots coincided with two of the three QTL associated with the efficiency of shoot regeneration-the major shoot regeneration QTL on chromosome 5 and a minor QTL on chromosome 4 (Lall et al. 2004) . It was expected that eQTL and shoot regeneration QTL might coincide because the gene expression data were collected during the process of shoot regeneration. Furthermore, QTL that condition the efficiency of shoot regeneration undoubtedly affect the expression of many other genes. It was noted in other studies that eQTL hot spots correspond to QTL or sites of marker genes involving a phenotype that segregated in the mapping population (Schadt et al. 2003; Hubner et al. 2005) .
However, it was unexpected to find that the markers with the most significant associations are linked to the expression of genes in the same vicinity of the chromosome as the marker. We refer to these effects as ''neighborhood effects,'' and neighborhoods are very large in molecular terms. The genes with the most significant linkages to marker 270 at the shoot regeneration QTL site cover nearly 1.5 Mbp of DNA. Neighborhood effects might be due to mechanisms similar to those that regulate genes in operons. That, however, seems unlikely, given the large size of the neighborhoods and the distant spacing of some of the affected genes.
Another possibility is that genes are regulated by epigenetic mechanisms, such as chromatin effects, acting at the chromosome level. Chromatin structure is known to influence gene regulation locally and globally and to specify functional differentiation of chromosomal domains during development in a number of organisms (Weiler and Wakimoto 1995) . Chromatin features have been described for some of the Arabidopsis chromosomes on which eQTL hot spots were found (Cold Spring Harbor Laboratory, Washington University Genome Sequencing Center and PE Biosystems Arabidopsis Sequencing Consortium 2000; Lippman et al. 2004) . In particular, one of the eQTL hot spots in our study was located in a euchromatic region on the long arm of chromosome 4, coincident with a shoot regeneration QTL. This chromosome is thought to be organized in euchromatic loops, which emanate from condensed heterochromatic chromacenters (Fransz et al. 2002) . The chromacenters are composed of heterochromatin from pericentric and nucleolus organizing regions (NOR) and the loops extending from these chromacenters are estimated to be 0.2-2.0 Mbp (Fransz et al. 2002) , consistent with the dimensions of the neighborhood effects. It is possible that some of the cis-chromosomal gene regulation effects that we see on chromosome 4 may involve chromatin or chromosome loops. It would be of interest to compare chromatin structure around some of the up-or downregulated genes in the parental ecotypes.
Two other unexpected findings in our study are also of note. One is that the eQTL hot spot on chromosome 4 is the site of a minor shoot regeneration QTL that has significant epistatic effects on the major shoot regeneration QTL on chromosome 5 (Weiler and Wakimoto 1995) . Given this interaction, one might expect significant trans-chromosomal linkages between markers and target genes at the QTL on chromosomes 4 and 5. Such linkages were found for the significance thresholds that we investigated at the QTL on chromosome 5, but not at the QTL on chromosome 4. Another unexpected finding was the presence of eQTL hot spots at sites other than the QTL sites. The eQTL hot spot on the upper arm of chromosome 5 is particularly prominent and is not associated with a shoot regeneration QTL. This must mean that although the locus is associated with ecotype-specific gene expression changes, those expression changes have little impact on shoot regeneration.
This study would not have been possible without information on SFPs. Probe-set SFPs resulting in a higher hybridization affinity for the Col ecotype had the potential to alter this analysis significantly. Performing similar analyses on the data before and after SFP probe pair removal allowed us to determine the impact of SFPs on our results. After SFP removal, 34 genes were significantly linked to marker 270 in the eQTL analysis (Table 3) . Using the same P-value threshold applied to the data before SFP removal, we found 40 significant linkages to marker 270. The number of genes significantly upregulated in Col decreased from 31 to 23 after SFP removal, while the number significantly downregulated in Col increased from 9 to 11. This implies many apparent strong marker-by-gene expression linkages were due to SFP probes. All genes that were eliminated from the significance list contained at least one SFP probe pair and most contained numerous SFPs. The genes that were dropped may still have strong relationships with marker 270, but the relationship was not strong enough to be considered significant at the given level once SFPs were removed. No genes were dropped from the downregulated gene list, but 2 genes that contained SFPs in the original data were added. Although many of the same genes appeared on both significance lists (before and after SFP removal), the fact that some did not suggests that it is important to consider SFPs in data analysis. Study results often guide ongoing research and the removal of SFP probe pairs in data analysis may help researchers avoid inefficient use of resources.
The genetic basis for the major shoot regeneration QTL on chromosome 5 has not yet been determined; however, a number of candidate genes are under study. It will be interesting to know whether the genetic entity that conditions shoot regeneration at this site is also responsible for controlling the target genes in the eQTL analysis. LITERATURE CITED
